Cavitation generally occurs where the pressure is lower than the saturated vapor pressure. Based on large eddy simulation (LES) methodology, an approach is developed to simulate dynamic behaviors of cavitation, using k À l transport equation for subgrid terms combined with volume of fluid (VOF) description of cavitation and the Kunz model for mass transfer. The computation model is applied in a 3D field with an axisymmetric projectile at cavitation number r ¼ 0.58. Evolution of cavitation in simulation is consistent with the experiment. Clear understanding about cavitation can be obtained from the simulation in which many details and mechanisms are present. The phenomenon of boundary separation and re-entry jet are observed. Re-entry jet plays an important role in the bubble shedding.
Introduction
Cavitation can be defined as the breakdown of a liquid medium under very low pressure [1] . Most vehicles handling liquids are exposed to cavity, such as high-speed torpedoes, hydrofoils, propellers, etc. Under certain conditions, cavity exhibits unsteady dynamic behavior, such as the periodic shedding of vapor cloud. The relative collapse of the vapor cloud, especially in the cloud cavitation, is often responsible for the generation of loud noise and erosion damage [2] .
Cavitation, as a critical phenomenon, has been attractive in the past decades. In earlier times, most computational study on cavitation was based on Reynolds-averaged Navier-Stokes (RANS) equations. Based on the motion model of bubbles put forward by Rayleigh et al., Plesset and Prosperetti [3] established the Rayleigh-Plesset model, which analyzed the dynamic behavior of bubble in cavitation effectively. Singhal et al. [4] set up the full-cavitation model, which accounts for the formation and transport of vapor bubbles, the turbulence of fluctuations of pressure and velocity, and the magnitude of noncondensable gases. The phase-change rate expressions are derived from a reduced form of Rayleigh-Plesset equation. Having adopted in commercial software FLUENT, this model is widely used today. Dular et al. [5] performed an experimental and numerical study of developed cavitating flow around hydrofoil, using particle image velocimetry-laser induced fluorescence (PIV-LIF) technology and the software FLUENT. Comparison made between numerical and experimental results showed good correlation in velocity fields, pressure coefficient, cavity length, shedding frequencies, etc. Both in simulation and experiment, significant backflow is predicted. However, it revealed little mechanism in cavitation. Huang et al. [6] made evaluation of Kubota, Singhal, Merkle, and Kunz cavitation models through calculation of cloud cavitation. The four models, which have difference in the cavity's length, velocity field, drag, etc., all can capture the form and shedding of cavity well. Ji et al. [7] simulated the unsteady cavitating flow around a twisted hydrofoil by adopting a specialized filter-based turbulence model and homogenous cavitation model. Two kinds of cavities shedding, i.e., primary shedding and secondary shedding, were noted, which resulted from the re-entrant jet and the side entrant jet, respectively, under certain conditions.
Recently, there are many cavitating researches adopting large eddy simulation (LES) model. In LES, the large, energycontaining structures are resolved on the computational grid, whereas the smaller, more isotropic, subgrid structures are modeled; this separation of scales within the flow is accomplished by a low-pass filtering of the Navier-Stokes equations [8] .Compared with RANS approach, which is based on average flow description with the possibility of missing some details of flow field, LES consistently allows for medium-scale to small-scale transient flow structures and could capture certain mechanisms in the development of cavitation. Bensow and Bark [8, 9] adopted an implicit LES method to describe dynamic cavitation behavior around the NACA0015 foil, Delft Twist11 foil, and the INSEANE779A propeller in a wake flow. They believed that LES would become a useful and reliable tool to study the details of cavitation flow field, but LES also needs further development. Wang and OstojaStarzewski [10] employed LES scheme combined with a fifthorder polynomial curve, which described the relationship between density coefficient ratio and pressure coefficient, to simulate the sheet/cloud cavitation around NACA0015 hydrofoil. In their study, time-dependent sheet/cloud cavitation structures under different attack angles and cavitation number were researched.
In this paper, the evolution of cloud cavitation around an axisymmetric vehicle is studied, using LES method together with transport equation for local volume fraction of vapor and the Kunz model for mass transport. Contrasted with experimental results, many details and mechanisms of the flow field are captured during evolution of cloud cavitation, e.g., re-entrant flow, separation of boundary, and movement of shedding bubbles.
2 Numerical Simulation 2.1 LES Method. In turbulent flow, large-scale eddy structures are anisotropic, while smaller ones are more isotropic. The essential issue of LES is that the large-and small-scale eddies are solved from the instantaneous Navier-Stokes equations and the subgrid stress (SGS) model, respectively.
The Navier-Stokes equations of incompressible flow are as follows:
where q, v, and p are density of the mixture, velocity, and pressure, respectively, and S ¼ 2lD means the viscous stress tensor.
In LES, w is decomposed into large-scale quantity w and smallscale quantity w 0 . w can be expressed as follows:
where G ¼ Gðx; x 0 Þ is the filter function. In this paper, the widely used top-hat filter function is adopted,
where
is spatial filter size. D x , D y , and D z are the size of the grid in three directions.
By applying the above filter function to Navier-Stokes equations, the LES equations are derived as
where the overbar denotes the low-pass-filtered dependent variables. S ¼ 2lD is the filtered viscous stress tensor,
stands for the filtered rate of stress tensor, and l is the dynamic viscosity. B ¼ vv À vv ð Þmeans the subgrid stress tensor, representing the influence of the small, unresolved eddies on the larger, resolved ones. The commutation error terms expected to be significantly smaller than the subgrid terms are neglected.
Based on Boussinesq hypothesis, a subgrid viscosity l SGS is considered. The resulting term in the LES equations becomes B ¼ À2l SGS D so that the whole viscous term can be described as a function of the effective viscosity l eff (summation of the molecular viscosity l and subgrid viscocity l SGS ) and rate-of-strain tensor
where l SGS needs to be solved.
In the present paper, k À l SGS model is applied to deal with the subgrid stress,
where C e ¼ 1:048 and C k ¼ 0:094.
Multiphase
Modeling. Two phases, liquid and vapor, both exist in natural cavitating flows. To simulate cavitation, the two phases need to be described as well as the phase transition mechanism between them. In the paper, the VOF approach is considered, introducing the liquid volume fraction a. So the density and viscosity of fluid can be expressed by a [11] ,
where the subscripts l and v represent the water and vapor, respectively. Equation (10) describes the viscosity of the mixture, which is always simplified as the arithmetic mean of all the phases' dynamic viscosities in LES, such as in Refs. [8] , [9] , and [11] and the software FLUENT. A transport equation for the volume fraction needs to be incorporated into the filtered equations of continuity and momentum, Eqs. (5) and (6) .
where _ m, the mass transfer rate, is modeled by mass transfer model. Density of mixture q, which is not filtered here, is decided by vapor volume fraction a in VOF model. In cavitation, a is a macroscale quantity that requires a less-sophisticated model than others [12] . In transport equation of a, only the convection term contains obvious effect of velocity fluctuation. So in this equation, the filtered velocity is adopted directly. This approximate approach has been widely used, such as in Refs. [8] and [9] .
2.3 Cavitation Modeling. Kunz model [13] is employed to model the mass transfer rate
The creation rate of vapor _ m þ is modeled to be proportional to the volume of liquid and the amount by which the pressure is below the vapor pressure. The destruction rate of vapor _ m À is modeled as a third-order polynomial function of the liquid volume fraction when the pressure is above the vapor pressure.
Computational Model.
Focused on the characteristics of cloud cavitation, a cylinder with cone angle h ¼ 90 deg and diameter d 1 ¼ 37 mm is adopted as the object to study, as shown in Fig. 1 . The structured meshed computation domain, including this object, is prepared, as shown in Fig. 2 . Diameter of the outside field is d 2 ¼ 400 mm. Mesh independence should be examined to guarantee calculation accuracy. In Table 1 , the cavity form and evolution progress are similar when the mesh number are 2 Â 10 6 and 38 Â 10 6 . To take account of computational speed and accuracy together, the 2 Â 10 6 case is chosen in the present paper [14] . The computational model described above has been realized through the open source code OPENFOAM. The undisturbed uniform velocity 18.5 m/s is given at the domain inlet, and the pressure is set as 1 atm at the domain outlet. The cavitation number r ¼ 0.58. For simulation presented in this paper, the first-order implicit 
Experimental Device and Model
In order to verify the computational results, the experiment is carried out [15] . Split-Hopkinson pressure bar (SHPB) launching system is adopted in this paper. As shown in Fig. 3 , the scaled underwater launch system mainly consists of four parts: the launching system (1, 2, 3, and 5), the water tank (4 and 10), the stain-sampling system (6, 7, and 8), and the high-speed camera (9) . The launching system converted from SHPB is used to Transactions of the ASME accelerate the incident bar. The stress-wave signal traveling in the transmission bar and projectile can be obtained from the strainsampling system. The high-speed camera is used to capture the trajectory and cavitations' features. One-dimensional stress-wave theory is employed here to analyze the process of the energy transmission in the system. Details can be obtained in Ref. [15] . By the stress wave generated from SHPB, the experimental system can accelerate the body transiently to 30 m/s in less than 200 ls with slight disturbance during the whole process. Corresponding to the simulation model, the polished stainless steel projectile model is a 246 mm slender cylinder with 37 mm diameter and 90 deg conical angle, as shown in Fig. 4 .
From pictures, we can get some information about the process. For example, a projectile in which the length is 246 mm is about Fig. 9 Re-entry jet at the cavity closure at t 5 2.0 ms Fig. 10 Separation of boundary layer at t 5 2.0 ms Fig. 11 The transparent cavity before re-entrant jet formed at t 5 2.2 ms 4 Results and Discussion 4.1 Evolution of Natural Cavitation. The numerical and experimental evolutions of natural cavitation are shown in Fig. 6 . The evolution can be described as follows.
After the projectile is launched, the flow speed is relatively high at the shoulder where pressure decreases rapidly. When the pressure is lower than the saturation vapor pressure, water begins to vaporize. Then, the cavity forms and grows gradually, as shown in Fig. 6(a) . At the same time, under adverse pressure gradient near the closure of the cavity, re-entry jet appears and flows back to the forepart of the projectile, as shown in Fig. 6(b) . When the re-entry jet arrives at the shoulder of the projectile, the primary cavity separates from the body as a whole, as shown in Figs. 6(c)  and 6(d) . Then, the shedding bubble moves to the tail of the projectile with the main flow, becomes smaller, and collapses at last. Meanwhile, new cavity appears at the shoulder again and repeats the evolution described above. That is the periodic characteristic of natural cavitation evolution.
The length of cavity is L. Cavity is thought to start from the shoulder of the projectile in the present paper. It is easy to decide where the cavity closes when the cavity is a whole. For example, in Fig. 6(b) , the cavity closes at A. When the cavity separates totally and the shedding part becomes smaller and smaller, the cavity is thought to close at the tail of the forepart. For example, Transactions of the ASME the cavity that is not separated totally in Fig. 6 (f) ends at B. In Figs. 6(g) and 6(h), the cavity is departed totally and the shedding part becomes small, so the cavity closes at C/D. In Fig. 6 , the arrows stand for the length of the cavity. As shown in Fig. 7 , L/d 1 obtained from the experiment and numerical simulation agrees well with each other.
In the results and analysis above, unsteady evolution of cavitation is related closely to the re-entry jet. Therefore, the formation and development of the re-entry jet are described in the following analysis.
Formation and Development of Re-entry Jet.
Unsteady cavitation and re-entrant jet have been widely studied. De Lange and De Bruin [16] and Sayyaadi [17] performed experiments on cavitation by means of high-speed video too. De Lange and De Bruin [16] observed two-dimensional as well as threedimensional cavities. From the observation, it is concluded that the formation of a re-entrant jet is of major importance to explain the unsteadiness. Sayyaadi [17] analyzed images using the light intensity comparison technique, and the cavitation length for each image was evaluated. He also observed that, at lower cavitation numbers, periodic separation, shedding, and collapsing of the cloudlike cavities are observed together with the re-entrant jet motion. The structure of the two-phase flow inside the cavity was investigated by Stutz and Reboud [18] using a double optical probe. They succeeded in measuring the local void fraction and the velocity inside their cavities. The measurements show an extended reversed flow occurring along the solid surface, which plays a significant function in the vapor cloud shedding process. An ultrasonic technique was developed by Callenaere et al. [19] to measure the thickness of the liquid layer that lies just below the cavity. They also used laser Doppler velocimeter (LDV) to measure the horizontal flow velocity at different stations along the channel and to compute the pressure gradient from the following relation. Their investigations give insight into the instabilities that a partial cavity may undergo and particularly the re-entrant jet instability. Other experimental techniques were used to investigate the instability of cloud cavities, such as X-ray imaging technique (Dular et al. [20] and Stutz and Legoupil [21] ).
In cavitation, re-entry jet and cavity influence each other. In the present paper, cavity forms at the shoulder firstly. Figure 8 shows the flow field at the cavity closure at the beginning. The velocity of whole field is in the same direction with the incoming flow. The re-entry hasn't formed yet. However, the pressure outside the closure is high, corresponding to the low-pressure field in the cavity. There is obvious adverse pressure gradient. At the continuous impact of adverse pressure gradient, the mixture's velocity will decrease. Because of viscosity, the velocity of the fluid in the boundary layer will reduce to zero first. Then, it will flow in the opposite direction. That is the re-entry jet, as shown in Fig. 9 . However, in field away from the wall, the flow moves forward still. That is the boundary-layer separation phenomenon, as shown in Fig. 10 . The separation point is located near point (c). The flow direction of the fluid near the wall is the same with the incoming flow before (c) and opposite in the separation field after (c).
The re-entry jet moves into the cavity after its generation. Before that, the cavity is uniformly transparent, as shown in Fig.  11 . Figures 12 and 13 show re-entrant jet in experiment and simulation, respectively. When re-entrant jet gets into the cavity, the transparent cavity is disturbed and generates tiny foam, as shown in Fig. 12 . Re-entrant jet under the cavity corresponds to the brightest pixels in the image. In Fig. 13 , the mixture in which the water volume fraction a is more than 70% and velocity is less than 0 is thought to be re-entrant jet. The length of re-entrant jet and cavity are l and L, respectively. The dimensionless quantity l/L in simulation and experiment are consistent, as shown in Fig. 14 . As shown in the figures, the re-entry jet moves in the cavity until it reaches the forepart of the projectile. Then, the reentry jet rolls back in an uptrend with the incoming flow. This rolled back re-entrant jet cuts off the cavity, inducing the shedding of bubble.
Evolution of Shedding Bubble.
Shedding bubble induced by re-entry jet is important behavior of cloud cavitation's instability. At the beginning of this process, the bubble is near the re-entry jet and attached to the wall, as shown in Fig. 15(a) .
As the shedding bubble moves backwards, the re-entry jet between it and the wall weakens and meets the incoming flow at the left end of the bubble. Then, the re-entry jet flows back, which induces the backrush of the shedding bubble too. The bubble whose cross section changes from ellipse into circular gradually gets apart with the wall, as shown in Figs. 15(b)-15(d) .
Then, the bubble flows into the high-pressure area. It will reattached to the wall again, as shown in Fig. 15(e) . The bottom of the bubble, which is near to the re-entry jet, is at a lower speed than the top part. So the cross section of the bubbles changes into oblateness with wrapping angle.
Finally, as shown in Fig. 16 , when the bubble is far away from the shoulder, it behaves as a single bubble without any influence of re-entry jet and cavitation ahead. It lasts 1.2 ms until the bubble collapses. That is acceptable compared to 0.8 ms in experiment, as shown in Fig. 17 .
In general, affected by the re-entry jet and incoming flow, the shedding bubble attaches, detaches, and reattaches with the wall until it collapses in the flow field. The cross section of it changes in this process too. We have studied the natural cavitation around axisymmetric projectile using the LES method above. LES has the ability to describe medium-scale to small-scale flow structures, which is essential to reveal mechanisms in cavitation.
Periodic bubble shedding, which is thought to be closely related to re-entry jet, is observed in both numerical and experimental results. Re-entry jet induced by adverse pressure gradient flows into cavity and rolls back in an uptrend at the forepart of the projectile. Then, cavity is cut off by the re-entrant jet, leading to bubble shedding. Affected by the re-entry jet and main flow, the shedding bubble attaches, detaches, and then reattaches with the wall until it collapses.
To conclude, LES is a powerful and reliable tool for understanding the phenomenon of cavitation. The above has discussed some mechanism in it. However, there is still much further work needed to be done on cavitation, such as the pressure and drag the projectile is faced with.
